Abstract
Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder leading to progressive decline in memory and cognition. The hallmarks of AD pathology are extracellular deposits of amyloid ␤-peptide (A␤)
that aggregate into plaques [1] and intracellular deposition of hyperphosphorylated tau giving rise to neurofibrillary tangles [2] . Studies have demonstrated that intracellular accumulation of A␤ precedes extracellular deposits and may account for the initiating step in the pathogenesis causing neuronal and synaptic damage [3] [4] [5] . Furthermore, it has been suggested that intracellular accumulation of A␤ can form amyloid seeds that later will become extracellular plaques [6, 7] . Synaptic loss and neuronal dysfunction are early events in AD and occur before neuronal degeneration and plaque formation. In fact, the severity of the cognitive impairments correlates more strongly with synaptic loss and soluble A␤ levels than with amyloid plaque load [8, 9] .
A␤ is generated from the amyloid precursor protein (APP) through sequential cleavage by ␤-and ␥-secretases. The cleavage of APP by ␤-secretase generates two fragments; one extracellularly released soluble ectodomain (sAPP␤) 
and one membraneanchored fragment (C99). The subsequent ␥-secretase processing of C99 results in the generation of A␤ and the APP intracellular domain (AICD). ␥-secretase determines the C-terminal of A␤ through cleavage of C99 in three steps, ε-, -and ␥-cleavage,
generating A␤ of different lengths [10] . The two main forms are A␤40 and A␤42, the latter of which is the main constituent of amyloid plaques [11] [12] [13] [14] . Several research groups have demonstrated that the relative level of A␤42 in relationship to A␤40 is critical for the pathogenesis of the disease, suggesting a central role of A␤42 in the development of AD [12, 15] . Furthermore, studies have shown that alterations in the A␤42/A␤40 ratio are important for A␤ toxicity and fibrillogenesis, and that A␤40-monomers could prevent aggregation and toxicity of A␤42 [16, 17] . ␥-secretase is a multi-protein complex consisting of at least four subunits, including: presenilin 1 (Fig. 2A) . The two fragments form heterodimers in the ␥-secretase complex, harbouring the two aspartic residues Asp257 and Asp385 that form the active site [18] [19] [20] ( Fig. 2A) . The large cytosolic loop in PS is believed to play an essential role in regulating the ␥-secretase cleavage of APP at the ␥-site which is responsible for the formation of A␤ species with different lengths [21, 22] . ␥-secretase cleaves various type 1 transmembrane proteins, including APP, Notch and cadherins [23, 24] . There [25] [26] [27] [28] , increased vulnerability to endoplasmatic reticulum stress [29, 30] , disruption of intracellular Ca 2ϩ homeostasis [30, 31] , disruption of neurotransmitter release [32, 33] and acceleration of apoptotic processes [34, 35] . Caspases, a group of cystein proteases cleaving after aspartyl residues, are activated by apoptotic stimuli and have been implicated in synaptic degeneration and neuronal loss in AD [36] [37] [38] . Several lines of evidence also suggest a correlation between caspase activation and elevated A␤ production [39] [40] [41] [42] . Caspase cleavage of APP leads to the generation of two putative toxic peptides C31 and Jcasp [43] . However, Tesco et al. showed that the elevated A␤ production observed after caspase activation is independent of caspase cleavage of APP [39] . The role of presenilins in apoptosis has been studied by several groups showing that PS1 and PS2 in most cases accelerate the apoptotic program [44] [45] [46] [47] [48] . However, this may be dependent on the cell type since overexpression of PS1 (wild-type or FAD mutant) did not enhance apoptosis in cortical neurons [49] . Several caspases, including 1, 3, 6, 7, 8 and 11 have been shown to cleave PS1-CTF in the loop region at either Asp333 or Asp345 generating caspase cleaved CTF (caspCTF) ( Fig. 2A) [50] [51] [52] . In contrast to CTFs and NTFs, caspase cleaved CTFs of PS1 and PS2 have been shown to delay anti-Fas induced apoptosis [53, 54] . Here we wanted to investigate whether ␥-secretase complexes containing PSIcaspCTF give rise to altered A␤ production. We have previously shown that caspCTF, despite the truncation in the large cytosolic loop, forms active ␥-secretase complexes in cells exposed to apoptotic stimuli [55] . (Fig. 1A) . The CTF and NTF vectors used for transient transfection in the luciferase reporter gene assay have been described elsewhere [22] 
(PS1) or presenilin 2 (PS2), Nicastrin, anterior pharynx defective-1 (Aph-1) and presenilin enhancer-2 (Pen-2). Presenilin undergoes an endoproteolytic cleavage in its large cytosolic loop generating an N-terminal fragment (NTF) and a Cterminal fragment (CTF)
are numerous mutations in PS1 and PS2, which cause familial AD (FAD) (http://www.molgen.ua.ac.be/Admutations/). These mutations cause various phenotypes, including altered A␤ production
Western blot
Proteins were separated by SDS-PAGE using NuPAGE 4-12% Bis-Tris gels and nitrocellulose membrane (BioRad, Hercules, CA, USA). Membranes were incubated in Tris buffer saline-Tween 20 (0.1%) (TBS-T) ϩ 5% milk for 30 min., followed by incubation with the primary antibody in TBS-T ϩ 1% milk at 4ЊC over night on a shaking table. Membranes were rinsed three times in TBS-T and then incubated with the secondary antibody in TBS-
GCB pulldown
To investigate the levels of active ␥-secretase complexes in the cell lines, the complexes were pulled down with a ␥-secretase inhibitor coupled to biotin via a cleavable linker (GCB). GCB is designed in our laboratory and synthesized by Chemilia (Huddinge, Sweden
Quantitative measurement of ␥-secretase activity
The luciferase-based reporter gene assay was carried out as described previously [22, 60] 
Results
Caspase-cleaved CTF is part of active ␥-secretase complexes
First, we studied caspase cleavage of active ␥-secretase complexes during apoptosis. STS treatment is a well-established method to induce apoptosis both in a caspase-dependent and caspase-independent way [62]. Neuroblastoma cells, stably expressing human APP (SH-SY5Y-APP), were treated for 3 or 6 hrs with STS (0.5 M). Active ␥-secretase complexes were purified using GCB pulldown and then separated on SDS-PAGE. As a control for GCB specificity a ␥-secretase inhibitor (L-685,458), which competes for binding to the active site, was used. In untreated cells, all of the PS1 containing ␥-secretase complexes contained full length CTF (wtCTF) (Fig. 1A and B). After 3 hrs exposure to STS the ␥-secretase complexes contained a ~50:50 mixture of wtCTF and caspCTF (Fig. 1A and B). After 6 hrs exposure the main constituent in active ␥-secretase complexes was caspCTF (~65%). We employed DAPI staining to visualize apoptotic nuclei in STS treated cells (Fig. 1C). Lack of propidium iodide staining of nonfixated cells confirmed negligible induction of necrosis during STS treatment (data not shown). The results showed that caspCTF replaced wtCTF in active ␥-secretase complexes during apoptosis.
␥-secretase complexes containing caspCTF
In order to investigate the properties of ␥-secretase complexes containing caspCTFs more carefully, we established stable cell 2155 Fig. 2A) (Fig. 2B, upper panel) . However, the expression of wtCTF was higher as compared to the expression of caspCTF (Fig. 2B, middle panel) . Further, C99 expression was similar between the caspCTF and wtCTF cell lines (Fig. 2C) . The BD8 cells (PS1/PS2 null) showed accumulation of C83 due to the lack of functional ␥-secretase complexes. To study the expression levels of wtCTF and caspCTF in more detail we investigated the mRNA levels. As shown in (Fig. 2D) (Fig. 2F and G) . The turnover time of GAPDH and APP was used as negative and positive control, respectively.
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Fig. 2 Design of vector constructs and characterization of the stable cell lines. (A) The catalytic site of the ␥-secretase complex resides in TM6 and TM7 in PS, and is composed of D257 and D385, here represented by stars. PS undergoes endoproteolysis (A299) in the cytosolic loop generating NTF and CTF fragments. CTF can further be cleaved by caspases at position D345 or D333 resulting in a truncated membrane bound part. The final vector constructs contain either full length CTF (wtCTF) or caspase cleaved CTF at D345 (caspCTF) and both constructs contain C99. (B) Expression of NTF and wtCTF/caspCTF in membrane preparations from the cell lines. The molecular weight of wtCTF and caspCTF is 20 and 12 kD, respectively. GAPDH was used as loading control. (C) C99 and C83 expression. (D) qRT-PCR analysis of caspCTF and wtCTF mRNA. (E) PCR analysis of the genomic DNA in two wtCTF and in two caspCTF clones, the difference between full length CTF and caspCTF corresponds to the lack of 144 bp after caspase cleavage at D345. (F) Protein stability measurement of wtCTF and caspCTF using cycloheximide (50 g/ml) exposure for 2, 4 and 6 hrs. GAPDH and APP were used as negative and positive controls, respectively. (G) CCD-camera band intensity analysis showing the stability over time (means Ϯ S.D. of three independent experiments). lines expressing C99 and either PS1caspCTF (starting at D345) or PS1wtCTF (starting at A299) on a BD8:PS1NTF background (
To investigate if caspCTF forms active ␥-secretase complexes, we compared the presence of active complexes in caspCTF and wtCTF cell lines by using two clones from each cell line. The active ␥-secretase complexes were pulled down with GCB (Fig. 3A ). An enrichment of ␥-secretase components was obtained in the GCB pulldown as compared with the input, and the samples treated with L-685,458. All ␥-secretase complex subunits, including Nicastrin, Aph-1, NTF, Pen-2 and full length CTF (20 kD) , were detected in the wtCTF cells. These subunits were also found in the caspCTF cells, except for wtCTF (20 kD) , which was substituted by caspCTF (12 kD (Fig. 3B and C (Fig. 4) . Transfection with an empty pcDNA5 vector generated no AICD or NICD production (data not shown). Thus, ␥-secretase complexes containing caspCTF had an unchanged capability of producing AICD and NICD as compared with ␥-secretase complexes containing wtCTF.
Caspase-cleaved CTF containing ␥-secretase complexes exhibit altered A␤ production
Next, we analysed A␤40 and A␤42 levels in the caspCTF and wtCTF cells under apoptotic and non-apoptotic conditions. We found that the caspCTF cells displayed an altered intracellular A␤ production accompanied by an increased intracellular A␤42/A␤40 ratio ( Fig. 5A  and B) . A statistical significance was found between the A␤42/A␤40 ratio in the caspCTF and the wtCTF expressing cells (Fig. 5B) . The increased A␤42/A␤40 ratio in the caspCTF expressing cells raised the question whether induction of apoptosis in the wtCTF expressing cells could generate a similar shift in A␤42/A␤40 ratio. To investigate this, cells were subjected to 0.1 M STS. Indeed, during apoptosis the intracellular A␤42 production as well as the A␤42/A␤40 ratio increased in the wtCTF cell line (Fig. 5A left panel  and B) . Interestingly, the combination of apoptosis and caspCTFcontaining ␥-secretase complexes generated an additive effect on A␤42 production in the caspCTF cells (Fig 5A, right panel) and, consequently, an even more elevated A␤42/A␤40 ratio (Fig. 5B) . In parallel to intracellular measurements, we measured secreted A␤ in the conditioned medium. The results revealed that, during the conditions used here, neither apoptosis nor ␥-secretase complexes containing caspCTF changed the secretion pattern (Fig. 5C (Fig. 5E, left panel) , the elevation of A␤42 seen in wtCTF during apoptotic condition could be blocked with Z-VAD-FMK. Further, the formation of caspCTF-fragment during STS treatment was also blocked Z-VAD-FMK (Fig. 5E, lower  panel) . In the caspCTF cells, however, Z-VAD-FMK was not able to block the elevation of A␤42 during STS induced apoptosis (Fig. 5E,  right panel) . BD8 cells were included in all ELISA experiments as a negative control and no A␤ production was detected in these cells (data not shown). Mass spectrometric analysis confirmed that both caspCTF and wtCTF expressing cells produced A␤42 while no production was detected in the BD8 cells (Fig. 5F ). A␤40 could not be detected in this system due to low retention on the pre-column. In summary, we showed that ␥-secretase complexes containing caspCTF exhibit an altered cleavage preference at the ␥-site resulting in increased intracellular A␤42/A␤40 ratio without affecting the secretion pattern of A␤40 and A␤42.
and D). Next we investigated if the increase in intracellular A␤42 was caspase dependent by performing measurements in wtCTF and caspCTF cells co-treated with STS and the caspase inhibitor Z-VAD-FMK. As shown in
Discussion
In the present study, the relationship between caspase activation and elevated A␤ production was investigated. Activity of several [67] . Activation of caspases in synapses, neurites, and axon terminals causes local retraction or degeneration of the affected region without completion of the apoptotic program [68] . In fact, caspase activation in neurons can occur in a transient fashion and be important for long term depression [42, 69] . However, caspase activation and apoptosis have also been linked to synaptic loss and neurodegeneration in AD [40, [70] [71] [72] [73] . In addition, Rohn et al. recently demonstrated an absence of pathology in the triple transgenic AD mice overexpressing anti-apoptotic protein Bcl-2 [74] . Several lines of evidence also suggest a correlation between caspase activation and elevated A␤ production [39, 41] . This elevation could partially be caused by up-regulation of APP and ␤-secretase (BACE), which has been detected during apoptosis [40, 75] . In addition, A␤ itself can trigger apoptotic cascades in neurons [76] [77] [78] [79] and locally in synapses and dendrites [80] . A␤ 
